Mice were immunized by injection of Vibrio parahaemolyticus ATCC 17802 polar flagellin in order to produce monoclonal antibodies (mAbs). mAbs were analyzed by anti-H enzyme-linked immunosorbent assay using V. parahaemolyticus polar flagellar cores. The mAb exhibiting the highest anti-H titer was coated onto Cowan I Staphylococcus aureus cells at a concentration of 75 g/ml cell suspension and used for slide coagglutination. Of 41 isolates identified genetically as V. parahaemolyticus, 100% coagglutinated with the anti-H mAb within 30 s, and the mAb did not react with 30 isolates identified as Vibrio vulnificus. A strong coagglutination reaction with V. parahaemolyticus ATCC 17802 was still observed when the S. aureus cells were armed with as little as 15 g of mAb/ml S. aureus cell suspension. At this concentration, the mAb cross-reacted with three other Vibrio species, suggesting that they share an identical H antigen or antigens. The anti-H mAb was then used to optimize an immunomagnetic separation protocol which exhibited from 35% to about 45% binding of 10 2 to 10 3 V. parahaemolyticus cells in phosphate-buffered saline. The mAb would be useful for the rapid and selective isolation, concentration, and detection of V. parahaemolyticus cells from environmental sources.
Vibrio parahaemolyticus is a naturally occurring marine bacterium responsible for the majority of seafood-associated human gastroenteritis cases in the United States and is considered an important seafood-borne pathogen throughout the world (14, 28, 43) . Conventional bacteriological methods for the detection and enumeration of V. parahaemolyticus bacteria can be costly in labor, materials, and time (25) , while the expeditious identification of V. parahaemolyticus in the laboratory is desirable. Ideally, a method is needed which can easily detect and enumerate V. parahaemolyticus cells by the direct examination of shellfish, seafood, or water and which does not involve lengthy enrichment steps or overnight incubation.
After several V. parahaemolyticus outbreaks in the United States (8, 9, 16) , the Interstate Shellfish Sanitation Conference (ISSC) implemented a plan for monitoring the levels of V. parahaemolyticus bacteria in freshly harvested oysters. Since the standard most probable number (MPN)/biochemical method for enumerating V. parahaemolyticus bacteria (17) was so labor-intensive and time-consuming, the procedure the ISSC recommended involved plating oyster homogenates directly onto agar plates and, after an overnight incubation, transferring resultant colonies to filters that could be hybridized with DNA probes to detect total (tlh) and pathogenic (tdh) strains of V. parahaemolyticus (12) . The probes were successfully used for the direct examination of total and pathogenic V. parahaemolyticus in oysters harvested from Washington, Texas, and New York (16) . Gooch et al. (20) compared two direct plating methods to the MPN protocol using probes specific for tlh to confirm V. parahaemolyticus isolates in Alabama oysters. They concluded that both direct plating methods were equivalent to, yet faster and less labor-intensive than, the MPN method for the enumeration and confirmation of total V. parahaemolyticus cells in oyster homogenates. Since then, probes for tlh and tdh have been successfully and routinely employed for the detection of V. parahaemolyticus in retail oysters (11) , shellfish and sediments (15) , and freshly harvested oysters (15, 24) . However, the direct plating/DNA probe hybridization procedure still requires an overnight incubation and exhibits, at best, a detection sensitivity of 10 CFU/g.
It has also been shown that the detection of V. parahaemolyticus by PCR is specific and less time-consuming than the conventional bacteriological method (2, 7) . However, to achieve the desired detection sensitivity of 10 1 to 10 2 CFU/g, either enrichment cultures were employed or homogenates had to be subjected to DNA purification prior to PCR analysis. A real-time PCR (RT-PCR) method based on the amplification of the tdh gene was developed and evaluated for the detection of pathogenic V. parahaemolyticus (6) . The research demonstrated that RT-PCR was a rapid and reliable technique for detecting virulent V. parahaemolyticus in pure cultures and oyster homogenate enrichment cultures. Kaufman et al. (23) used RT-PCR for the enumeration of total V. parahaemolyticus directly from oyster mantle fluid; however, a loss of efficiency was observed when the numbers of V. parahaemolyticus were low and/or PCR inhibitors were present in the mantle fluids of certain oysters.
One approach to circumvent these problems and improve the recovery and detection of V. parahaemolyticus in seafood and shellfish samples is through the use of immunomagnetic separation (IMS). IMS has been successfully used to concentrate and isolate numerous pathogens (21, 26, 30) and has often been used as a pre-PCR step to concentrate and separate the organism of interest from polymerase inhibitors in the sample matrix (13, 18, 19, 31) . A successful IMS method for the concentration of V. parahaemolyticus cells utilizing species-specific antibodies coupled to PCR would improve detection sensitivity and separate V. parahaemolyticus from other bacteria, eliminating interference with DNA amplification. The employment of IMS as a pre-PCR step would also concentrate the pathogen to a suitable volume and separate V. parahaemolyticus from inhibitory factors in shellfish or seafood homogenates, thereby eliminating the need for DNA purification or enrichment cultures. The first requirement for optimizing an IMS method for the isolation of V. parahaemolyticus would be to generate antibodies which will specifically recognize the pathogen.
Species within the genus Vibrio can be identified serologically through the detection of unique H antigens expressed in the core protein of the polar flagellum (4, 5, 32, 39, 44, 45) . Based on this knowledge, species-specific anti-Vibrio vulnificus H polyclonal antibodies were produced and used to construct coagglutination reagents which reacted with 99% of those bacterial isolates identified bacteriologically as V. vulnificus (40) . Since little cross-reaction with other Vibrio species was observed, this offered a specific, rapid, and economical approach to the detection of the pathogen one step beyond primary isolation. Vibrio cholerae and V. parahaemolyticus, however, exhibit H determinants shared with other vibrios, which complicates the use of polyclonal anti-H antibodies to detect these pathogens serologically (5, 38, 39, 40, 45) . This situation was rectified, in the case of V. cholerae, by the production of several anti-H monoclonal antibodies (mAbs) which reacted only with the flagella of V. cholerae and V. mimicus, thereby eliminating cross-reaction with V. fluvialis, V. metschnikovii, V. anguillarum, and V. ordalii (41) . Likewise, the production of mAbs reactive with the polar flagellar core of V. parahaemolyticus might also eliminate the cross-reaction observed with V. alginolyticus, V. natriegens, V. harveyi, V. campbellii, and V. carchariae, thereby resulting in the desired species specificity for use in an IMS protocol. In addition, the creation and preservation of anti-Hsecreting hybridomal cell lines would ensure the continuing availability of anti-V. parahaemolyticus mAbs for analytical purposes. This report describes the production and analysis of several mAbs that are reactive with the polar flagellar core of V. parahaemolyticus and the use of one of the mAbs in an optimized IMS protocol.
MATERIALS AND METHODS
Flagellar core purification. Flagellar cores were purified from the polar flagella of V. parahaemolyticus ATCC 17802 by methods previously described (40) . Briefly, V. parahaemolyticus cells were grown overnight in alkaline peptone broth on a shaker at 35°C. The cells were harvested by centrifugation, resuspended in chilled saline, and blended, and the sheared flagella were separated from the bacterial cell bodies and sheath material by differential centrifugation and cesium chloride density gradient ultracentrifugation in the presence of Triton X-100. The purified cores were examined by transmission electron microscopy (TEM) to verify that naked cores, free of sheath material and cell debris, were present. The flagellin concentration was determined by bicinchoninic acid protein assay (Pierce, Rockford, IL).
Electron microscopy. Carbon-coated grids were floated on drops of either a suspension of a V. parahaemolyticus ATCC 17802 nutrient broth culture containing 3% NaCl (NBϩ) which had been incubated for 18 h at 35°C, centrifuged, and resuspended in 0.01 M phosphate-buffered saline (PBS), pH 7.0 or purified flagellar cores. The flagella were then negatively stained with 2% uranyl acetate.
PAGE. The approximate molecular weight of the purified flagellar core protein was determined by using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions using a 10% acrylamide resolving gel. Molecular-mass markers (10 to 250 kDa) were used as standards to estimate the molecular mass of the V. parahaemolyticus flagellin (Bio-Rad, Hercules, CA).
Immunization. BALB/c mice were immunized at 2-week intervals for 4 to 8 weeks by intraperitoneal injection of 50 g purified V. parahaemolyticus polar flagellar core protein. Mice exhibiting elevated anti-H flocculation titers (45) were boosted with 50 g of flagellin, and their spleen cells were collected after 3 days.
Hybridoma production. The method used to promote cell fusion was modified from that described previously (41) . Briefly, spleen cells from immunized mice were fused at a 4:1 ratio with log-phase P3X63Ag8.653 nonsecreting myeloma cells by the slow addition of a 50% polyethylene glycol solution (Hybrimax; Sigma Chemical Co., St. Louis, MO). The cells were sedimented and resuspended in RPMI 1640 containing 15% fetal bovine serum, 2 mM glutamine, 1% nonessential amino acids, 100 units/ml penicillin-streptomycin, 100 M hypoxanthine, 4 ϫ 10 Ϫ7 M aminopterin, 1.6 ϫ 10 Ϫ5 M thymidine, and 10% hybridoma cloning factor (BioVeris Corp., Gaithersburg, MD). The cells were then distributed in 96-well, flat-bottom tissue culture plates. Cell cultures were fed and maintained at 37°C in a humidified atmosphere of 5 to 7% CO 2 .
Anti-H ELISA. Supernatant fluid from each well exhibiting hybridomal growth was tested by enzyme-linked immunosorbent assay (ELISA) for the presence of anti-V. parahaemolyticus H antibody by using V. parahaemolyticus polar flagellar cores (2 g protein/well) bound to Costar high-binding microtiter plates (Corning Inc., Corning, NY) and alkaline phosphatase-labeled rabbit anti-mouse immunoglobulin G (IgG; Sigma Chemical Co., St. Louis, MO) diluted 1:500 as described previously (41) . Culture supernatant fluids which produced an absorbance of at least 0.5 were initially considered positive. Anti-H-secreting hybridomas were cloned at least two times by limiting dilution and stored in liquid nitrogen.
mAb purification. Three hybridomas secreting V. parahaemolyticus anti-H mAbs which exhibited ELISA absorbance of Ͼ1.0 were each expanded to 1 liter of cell culture medium not containing aminopterin, thymidine, or hypoxanthine and were incubated for 2 weeks. Culture fluids were clarified by centrifugation, and IgG was precipitated by the addition of (NH 4 ) 2 SO 4 to 50% saturation. The precipitates were collected by centrifugation, dissolved in 50 to 100 ml 0.067 M PBS, pH 7.2 to 7.4, and dialyzed against several changes of buffer. After clarification through a 0.45-m filter, IgG was purified by affinity chromatography on protein A-Sepharose (Sigma Chemical Co., St. Louis, MO), following the manufacturer's instructions. The mAbs were isotyped by ELISA (Southern Biotech, Birmingham, AL), and the IgG concentration was determined by bicinchoninic acid protein assay.
Coagglutination. Formalin-fixed Staphylococcus aureus Cowan 1 ATCC 12598 cells were prepared by methods reported previously (40) . Anti-H coagglutination reagents were prepared by mixing 75 g of each mAb with 1 ml of S. aureus cells. Each of the three anti-H coagglutination reagents was tested against the following Vibrio species: V. parahaemolyticus ATCC 17802, V. parahaemolyticus ATCC 33847, V. vulnificus ATCC 27562, V. cholerae ATCC 14035, V. mimicus ATCC 33653, V. fluvialis ATCC 33809, V. natriegens ATCC 14048, V. alginolyticus ATCC 33787, V. harveyi ATCC 14126, V. harveyi ATCC 35084, and V. campbellii ATCC 25920. The anti-H mAb, designated 3-F-3, which demonstrated the strongest slide coagglutination reaction against the vaccine V. parahaemolyticus strain was then tested against 41 additional V. parahaemolyticus and 30 V. vulnificus clinical and environmental strains. Each Vibrio isolate tested by coagglutination was grown on peptone agar slants (1% peptone, 2% NaCl, 0.2% yeast extract, 1.5% agar) for 24 h at 35°C. The bacterial cells were harvested in 1 ml of 0.1 M Tris buffer (pH 7.8) containing 0.1 mM EDTA, 1% Triton X-100, and 0.001% thimerosal (TET buffer). One drop (30 to 50 l) of the cell suspension was placed on a clean glass plate, and 30 to 50 l of coagglutination reagent was placed adjacent to it. The two drops were mixed and observed for 3 min over a light box for evidence of agglutination.
IMS. Vibrio parahaemolyticus ATCC 17802 was grown in NBϩ at 35°C for 18 h. Serial 10-fold dilutions of the culture were made in 0.1 M PBS, pH 7.2. In separate experiments, 0.1 ml of cell suspension was removed from selected dilutions and placed in sterile Eppendorf tubes containing 0.9 ml PBS (nine tubes/dilution). Either 20 l (about 30 g) of mAb 3-F-3 or 20 l of PBS was added to each test or control tube (three test and six control tubes/dilution). The tubes were then placed on a rocker and gently agitated for 30 min at 25°C. Twenty microliters (10 7 ) of paramagnetic beads coated with sheep anti-mouse IgG (Dynabeads M-280; Dynal Biotech, Oslo, Norway) which were washed once with PBS and suspended in PBS containing 0.1% BSA and 0.02% NaN 3 were added to each test tube, and one set of three control tubes and the test tubes were agitated for an additional 5 min. The beads were then isolated by placement of the tubes in a magnetic concentrator for 5 min, and the supernatant fluid was carefully removed. Aliquots of the aspirated fluid were spread on NBϩ agar plates, and the plates were incubated overnight at 35°C. Vibrio parahaemolyticus colonies were counted to determine the number of bacteria which did not bind to the immunomagnetic beads (IMB) and the number of cells present in control tubes containing no IMB (PBS control tubes).
RESULTS AND DISCUSSION
Production and characterization of mAbs. Prior to the immunization of the mice, the purified V. parahaemolyticus polar flagellar cores were examined by TEM to ensure that flagellar cores, free from cell debris and flagellar sheath, were obtained (Fig. 1A) . When subjected to SDS-PAGE, the purified flagellar cores exhibited a major protein band corresponding to approximately 45 kDa (Fig. 2) . Two fusion experiments yielded about 20 hybridomas producing mAbs that resulted in an absorbance reading higher than 0.5 by anti-H ELISA. Only hybridomas secreting IgG were selected, by intentionally using a second antibody-enzyme conjugate specific for mouse IgG. After the positive hybridomas were cloned two or three times, three stable and rapidly growing hybridomas secreting mAbs specific for V. parahaemolyticus polar flagellar cores when tested by anti-H ELISA were selected and expanded in approximately 1 liter of cell culture fluid. After antibody purification and subclass determination for each mAb, the anti-H ELISA titers were determined and defined as the reciprocal of the highest dilution of mAb, starting with 250 g of IgG in well 1 of a microtiter plate, that gave an absorbance reading of 0.2 or higher in three separate experiments ( Table 1 ). The mAb produced by hybridoma 3-F-3 exhibited a much higher anti-H titer than the other two mAbs, indicating higher affinity for the V. parahaemolyticus flagellar core protein.
Coagglutination reactions. The serological specificities of the three selected mAbs were assessed by slide coagglutination. Each of the three selected mAbs was coated onto S. aureus cells, and the reagents were tested for positive slide coagglutination reactions with several Vibrio species which had been harvested and held in TET buffer for 24 h ( Table 2) (40) . In addition, Hongprayoon (22) reported the isolation of a hybridoma that produced anti-H mAb specific for V. parahaemolyticus that only cross-reacted with V. alginolyticus, and not with 28 other Vibrio species tested. Unfortunately, the hybridoma and the mAb it produced were lost. The V. parahaemolyticus species-specific H antigen may represent a minor flagellar antigen compared to the H antigen shared with the four heterologous Vibrio species. Thus, many more hybridomas would have to be created and screened before one producing species-specific mAb could be detected. Shinoda and colleagues (36, 37) reported that the sheathed polar and lateral, nonsheathed flagella produced by V. parahaemolyticus differed morphologically and immunologically. To further complicate matters, V. parahaemolyticus polar and lateral flagella were shown to possess a surface antigen which was present on intact flagellar cores and an internal antigen which was revealed when the flagellar cores were denatured into flagellin monomers (33, 34, 35) . It was concluded that the surface antigen-antibody reaction was responsible for H agglutination, whereas the internal antigen-antibody reaction produced the precipitin lines observed in gel diffusion tests. In 1992, Chen et al. (10) also found that many mAbs raised against V. alginolyticus recognized a polar flagellar antigen of 52 kDa common to V. alginolyticus and V. parahaemolyticus. This common flagellar antigenic determinant represented an internal antigen since it was exhibited by denatured flagella and detected by gel immunoblot. The mAbs that were produced in this study should have been generated in response to immunization with V. parahaemolyticus polar flagellar cores only since V. parahaemolyticus does not produce lateral flagella when grown in liquid medium (1, 3, 27, 35, 36) . In addition, when analyzed by SDS-PAGE, the lateral flagellar core is composed of a flagellin with a molecular mass of 27 kDa (29), whereas the polar flagellins of V. parahaemolyticus and V. cholerae exhibit a molecular mass of about 45 kDa (29, 48) .
The flagellar core preparation used in this study was composed of a single flagellin with an approximate molecular mass of 45 kDa on SDS-PAGE (Fig. 2) . Thus, the cross-reactions observed must have occurred from a shared H antigen displayed on the polar flagellum. In addition, the three mAbs selected also must have recognized a surface antigen since intact flagellar cores were used as the murine immunogen and also as the antigen in all anti-H ELISA determinations. Most importantly, mAb specificity was determined by anti-H slide coagglutination which could only occur by a surface antigenantibody reaction. One might also argue that the mAbs analyzed could be reactive to V. parahaemolyticus polar flagellar sheath. This, however, is unlikely since the flagellar sheath was stripped from the core by suspension of the sheared flagella in TET buffer and several rounds of differential centrifugation (40) . Thomashow and Rittenberg (47) and Yang et al. (48) demonstrated that the flagellar sheaths of Bdellovibrio bacteriovorus and V. cholerae were readily solubilized by Triton X-100. Also, examination of the V. parahaemolyticus purified flagellar cores by TEM prior to immunization revealed no contaminating sheath material or cellular debris (Fig. 1A) . In addition, the morphology of the purified flagellar cores and intact flagella obtained from an overnight V. parahaemolyticus 17802 broth culture were studied by electron microscopy. Both unsheathed and sheathed flagella were evident in the broth culture (Fig. 1B) . The diameter of the sheathed flagellum was measured and found to be about 30 nm. The diameters of the unsheathed flagellar cores from the broth culture (Fig. 1B) and the purified flagellar cores (Fig. 1A) were about 15 and 20 nm, respectively, indicating that the purified flagellar core preparation that was used as the mouse immunogen was free of sheath material. These results demonstrate that V. parahaemolyticus, V. alginolyticus, V. harveyi, and V. campbellii must share at least one H antigen displayed on the surface of their polar flagellar cores.
One of the goals of this investigation was to assess the efficiency of an anti-H mAb for the isolation and concentration of V. parahaemolyticus cells in an IMS protocol. Skjerve et al. (42) demonstrated that a slide coagglutination reaction was a simple and reliable tool to assess the ability of antibody-coated IMB to bind bacterial strains of interest in an IMS protocol. Since the mAb produced by hybridoma 3-F-3 exhibited the highest affinity for purified V. parahaemolyticus flagellar cores and the strongest coagglutination reaction against the two V. parahaemolyticus strains originally tested, it was selected for use in the development of a V. parahaemolyticus IMS method. The serological specificity and potential reactivity of mAb 3-F-3 in an IMS protocol was further examined by testing additional V. parahaemolyticus and V. vulnificus clinical and environmental strains by S. aureus slide coagglutination. Of 41 isolates identified genetically as V. parahaemolyticus, 41 (100%) were coagglutinated with the anti-H mAb within 30 s, and the mAb did not react with 30 isolates identified as V. vulnificus (data not shown).
IMS of V. parahaemolyticus. Several guidelines were followed for the optimization of the IMS method. First of all, there are two ways that antibodies can be used in an IMS protocol. In the direct method, the antigen-specific antibody is first coated onto IMB, which are then mixed with the test sample. The indirect method differs from the direct approach in that the organisms of interest are first incubated with an excess of antigen-specific antibody and then the IMB are added to the test sample. Roberts and Hirst (31) found that indirect IMS produced consistently better results for the detection of Mycobacterium ulcerans from heterogenous samples, increasing the sensitivity up to 10-fold. Corona-Barrera et al. (13) also found that the indirect IMS method was 10-to 100-fold more sensitive for the detection of Brachyspira species in porcine feces. Based on this information, we used mAb 3-F-3 in an indirect IMS protocol by incubating an excess of the mAb (30 g/test sample) with target V. parahaemolyticus cells prior to the addition of the IMB. Secondly, the concentration of IMB employed per test sample was predetermined at 10 7 since other successful IMS methods recommended bead concentrations in this range (18, 26, 31, 42) . Skjerve et al. (42) determined that at this concentration of IMB, 5 g of mAb exhibited near maximum Listeria monocytogenes binding, while Roberts and Hirst (31) found that 15 g IgG was required for optimal coating of the IMB. We used 30 g 3-F-3 IgG/test sample for indirect V. parahaemolyticus IMS since that concentration of mAb was slightly in excess of the optimal range determined by other researchers. Finally, it has been shown that not just a single bacterial cell but often clumps of cells are bound to each bead during IMS (21, 30, 31) . Since more than one cell can bind to a single bead, determining the number of bacteria bound to the IMB by plating the IMB and counting the resulting CFU would not be accurate. Therefore, the numbers of cells bound by the IMB in this study was determined indirectly by counting the number of unbound V. parahaemolyticus cells in the aspirated supernatant fluid.
One objective in developing an IMS method for the isolation of V. parahaemolyticus was to increase the detection sensitivity. Thus, the detection sensitivity, and not the maximum binding capacity of the anti-H-coated IMB, was explored in this study. Skjerve et al. (42) demonstrated a sensitivity of 10 to 100 L. monocytogenes CFU/ml PBS. They found that an increase in the number of bacteria in suspension resulted in an increase in the number of bacteria bound to the IMB from Ͻ10% (100 L. monocytogenes CFU/ml) to 50% (1.5 ϫ 10 4 L. monocytogenes CFU/ml). Likewise, when Roberts and Hirst (31) mixed 10-fold dilutions of M. ulcerans cells with nontarget bacteria, the IMB were unable to capture less than about 100 M. ulcerans CFU. The maximum IMB binding capacity for L. monocytogenes and Mycobacterium paratuberculosis was about 10 4 to 10 5 CFU/ml when 10 6 to 10 7 antibody-coated IMB were employed for each test sample (21, 42) . When mAb 3-F-3 was employed in the IMS protocol, an average binding of about 35% was exhibited at 10 2 V. parahaemolyticus CFU/ml and 45% at 10 3 CFU/ml (Table 3 ). The binding of V. parahaemolyticus at lower concentrations (Ͻ100 CFU/ml) could not be determined accurately by plating methods alone since 0.1-ml aliquots were spread on the agar plates and further dilution resulted in less than 10 CFU/plate. About 15% nonspecific binding to the IMB was observed at 10 3 V. parahaemolyticus CFU/ml. Fluit et al. (19) developed an IMS coupled to PCR for the detection of low numbers of L. monocytogenes cells in food samples. The procedure involved the isolation of Listeria cells by IMS using genus-specific mAbs followed by PCR amplification of an L. monocytogenes-specific DNA sequence. The method served to separate Listeria cells from PCR-inhibitory factors present in selective food enrichment broths, allowing a detection sensitivity of 1 CFU/g. A similar method could be employed using 3-F-3 mAb to capture V. parahaemolyticus cells. Even if crossreacting Vibrio species were bound by the mAb to the IMB or attached to the IMB by nonspecific binding, V. parahaemolyticus cells could be specifically detected by coupling the IMS to tdh or tlh PCR amplification.
In future research, we will concentrate on the detection of V. parahaemolyticus by anti-H IMS in mixed bacterial cultures and oyster homogenates. It is also important to couple the IMS to RT-PCR to determine if low levels of V. parahaemolyticus captured by IMS can be quantified and to explore the limits of V. parahaemolyticus detection sensitivity. 
